Previous research showed that L-alanine and monosodium L-glutamate elicit similar taste sensations in rats. This study reports the results of behavioral experiments designed to compare the taste capacity of C57BL/6J wild type and T1r3 -mice for these 2 amino acids. In conditioned taste aversion (CTA) experiments, wild-type mice exhibited greater sensitivity than knockout mice for both L-amino acids, although knockout mice were clearly able to detect both amino acids at 50 mM and higher concentrations. Generalization of CTA between L-alanine and L-glutamate was bidirectionally equivalent for both mouse genotypes, indicating that both substances elicited similar tastes in both genotypes. This was verified by the discrimination experiments in which both mouse genotypes performed at or near chance levels at 75 and 150 mM. Above 150 mM, discrimination performance improved, suggesting the taste qualities of the 2 L-amino acids are not identical. No differences between knockout and wild-type mice in discrimination ability were detected. These results indicate that while the T1r3 receptor is important for tasting L-alanine and L-glutamate, other receptors are also important for tasting these amino acids.
Introduction
Taste is crucial for regulation of ingestive behavior. The capability to taste not only helps one to identify possible hazardous substances, but also helps identify beneficial foods. Humans utilize at least 5 basic tastes (sweet, bitter, salty, sour, and umami) which help detect differential taste qualities. For instance, bitter tastes often represent toxic substances, and a typical sweet taste can signal the presence of simple carbohydrates. Umami taste is often assumed to signal the presence of L-amino acids and proteins in foods and is characteristically elicited by monosodium L-glutamate (MSG), an L-amino acid found in abundance in many protein-rich foods. MSG is well known for its ability to make food more palatable (Maga 1983) , thereby making this amino acid capable of influencing food choice and altering dietary intake (Bellisle et al. 1991; Bellisle 1998 Bellisle , 1999 Bellisle , 2003 . However, it seems unlikely that all L-amino acids utilize the same receptor and/ or transduction mechanism since neither humans (Schiffman et al. 1981) nor rodents (Pritchard and Scott 1982; Iwasaki et al. 1985; Bachmanov and Beauchamp 2008; Eschle et al. 2009; Delay and Kondoh 2015) perceive the taste of all L-amino acids as the same.
Understanding how L-amino acids are detected by the peripheral taste system has gained importance as more is learned about the roles amino acids play in physiological functions of normal and dietary-challenged individuals. L-alanine (ALA) is one amino acid which has received little attention regarding its detection. ALA is a nonessential L-amino acid that plays important roles in a variety of biological systems, including liver and muscle functions, and the well-established glucose-alanine cycle involved in glucose production. Disturbances in these functions have been linked to diabetes, endurance, chronic pain, and cardiovascular issues (Felig 1973 (Felig , 1977 Felig et al. 1977; Waterhouse and Keilson 1978; Perriello et al. 1995; Tappy et al. 1995; Layman and Baum 2004) . ALA is a nonpolar amino acid with a single carbon side chain whereas MSG has a 2-carbon side chain with a negative charge in its free-acid state. Even though the molecular structure of ALA is somewhat different from that of MSG, it is generally assumed the peripheral mechanisms for detecting the taste of ALA are fundamentally the same as MSG (Li et al. 2002; Nelson et al. 2002; Zhao et al. 2003; Inoue et al. 2007) .
There is now evidence that several G-protein-coupled receptors (GPCRs) may contribute to umami taste (Yasuo et al. 2008; Pal Choudhuri et al. 2015 , 2016 . A leading candidate umami receptor is the heterodimeric receptor, T1r1/T1r3. Besides its affinity for glutamate, the T1r1/T1r3 receptor is thought to be a broadly tuned L-amino acid receptor in rodents (Li et al. 2002; Nelson et al. 2002; Zhao et al. 2003; Inoue et al. 2007) . However, there is some disagreement regarding the taste abilities of mice lacking the T1r3 receptor. One study reported that T1r3 -mice, in which the N-terminus with its extracellular binding sequence was deleted, showed no concentration-dependent change in lick rates for L-amino acids, including ALA, L-serine, L-arginine, and MSG (Zhao et al. 2003) , suggesting that T1r1/T1r3 is the sole receptor able to recognize the tastes of glutamate and potentially all L-amino acids. However, a recent study found evidence that this genotype of knockout mice as well as T1r1 -and T1r1 -/T1r3 -mice derived by the same lab, may still have some residual ability to detect MSG, especially if mixed with inosine monophosphate (IMP) (Smith and Spector 2014) . In addition, a study with an independently developed T1r3 -mouse in which the entire T1r3 sequence was deleted, reported that their mice showed only a reduced preference for umami substances (Damak et al. 2003) , suggesting that other receptors are involved in umami taste. Besides the T1R family of receptors, brain and truncated taste variants of mGluR1 and mGluR4 have been identified in taste sensory cells and behavioral studies using agonists and antagonists have implicated all of them as candidate umami and L-amino acid receptors (Chaudhari et al. 1996; Chaudhari et al. 2000; Nakashima et al. 2001; Delay et al. 2004; San Gabriel et al. 2005; Eschle et al. 2009; Nakashima et al. 2012) . Recent calcium imaging studies of isolated taste sensory cells from wild type and T1r3 -mice have also found evidence supporting this hypothesis (Pal Choudhuri et al. 2015 , 2016 .
To compare the taste qualities of MSG and ALA and to determine whether the T1r3 receptor is crucial for detecting the taste qualities of ALA, 2 sets of experiments were performed to characterize the tastes elicited by ALA and MSG in C57BL/6J wild-type mice and T1r3 -mice developed against a C57BL/6J background (Damak et al. 2003) . The first set of experiments were conditioned taste aversion (CTA) tests designed to determine if mice perceive MSG and ALA to have similar taste qualities. In this paradigm, mice are conditioned to avoid MSG or ALA, then tested with both MSG and ALA. Presumably, if these substances elicit similar perceptible taste qualities, then the wild-type mice will avoid both substances when presented following conditioning. In addition, if the T1r3 receptor is crucial for the generation of the taste qualities of ALA and MSG, then the knockout mice should show a lack of CTA when compared with wild-type mice. Because both mouse genotypes showed evidence that they perceived the tastes of the 2 substances as similar, we then conducted a series of discrimination experiments to determine whether or not these mice are able to distinguish between the tastes of MSG and ALA. Discrimination methods force the mice to focus on differences between the taste qualities of MSG and ALA to reveal whether the 2 substances have characteristics that makes the taste of one substance uniquely different from the other substance, and whether mice missing the T1r3 receptor could discriminate between the tastes of MSG and ALA. In general, the results of these experiments also suggested that the taste qualities of the 2 L-amino acids at least partially overlap, but the T1r3 receptor is not the only receptor capable of detecting MSG and ALA.
Experimental methods
The first set of CTA experiments were designed to establish intensity generalization gradients for each mouse genotype. The second set of CTA experiments tested wild type and knockout mice for potential generalization of CTA between MSG and ALA using concentrations determined from the first experiments. The third set of experiments were conducted to determine if either mouse genotype could discriminate between the tastes of MSG and ALA.
Subjects
Naïve adult male C57BL/J6 wild-type mice for these experiments were obtained from Jackson Laboratories (Stock No. 000664; https://www.jax.org/strain/000664). Breeding stock for T1r3 -mice, originally developed at Mount Sinai Medical School (Damak et al. 2003 ) against a C57BL/6J background (http://www.informatics. jax.org/allele/key/25344), were generously donated by Robert Margolskee. Deletion of the Tas1r3 (Tas1r3 tm1Rfm ) genetic sequence was verified in every mouse by polymerase chain reaction (PCR) before being assigned to a behavioral procedure. The primer pair used to verify the genetic deletion included the forward sequence of 5′-ACA GCA ATT CAA GGC ACA AGG-3′ and the reverse sequence of 5′-GAG GGC AAG CTC TGA TGA GTG-3′ (B15F1 and B15R3, respectively, Integrated DNA Technologies, Coralville, IA). All animals were between 65-95 days old and weighed between 22-31 g at the beginning of the experiment. Two weeks prior to the start of the experiment, all mice were placed on a 22.5-hr water deprivation schedule that was maintained throughout the experiment. Purina Labdiet (5P00 Prolab RMH 3000) was available ad libitum. The colony lighting was regulated according to a 12 h light/dark cycle with the lights turned on at 7:00 a.m. All testing took place during the light portion of the cycle and each mouse was tested at the same time each day. All experiments reported below were approved by the Institutional Animal Care and Use Committee for the University of Vermont.
Chemicals
ALA, MSG, lithium chloride (LiCl), sodium chloride (NaCl), and amiloride hydrochloride were purchased from Sigma-Aldrich. Amyl acetate, used as an odor mask in all taste solutions in CTA and discrimination experiments, was obtained from Acros Organics. The pH of all solutions was 6.3-6.9. The 0.9% saline solution used for control injections was obtained from Hospira Inc..
Apparatus

CTA equipment
CTA procedures were conducted in 4 Davis MS160 lickometers (DiLog Instruments). Each lickometer consisted of a Plexiglas chamber with a stainless-steel wire mesh floor. The wall at one end of the chamber was stainless steel and had an oval-shaped opening covered by a computer-controlled shutter mounted on the outside. Stimulus tubes with lick spouts were mounted on a computer-controlled mobile tray positioned immediately behind the shutter. Opening the shutter allowed the mouse access to a single sipper tube positioned at the opening. The Plexiglas walls were covered with construction paper to prevent the mouse from obtaining visual cues from the location of the tray. Environmental masking noise (SPL A scale: 75 ± 5 dB) generated by a Sleep Machine was delivered by a speaker 25 cm from the chamber.
Discrimination equipment
Mice were tested in 1 of 4 Knosys gustometers (Knosys Inc.; Brosvic and Slotnick 1986) . Each gustometer consisted of a clear Plexiglas operant chamber (17 cm long × 12 cm wide × 12 cm high) with a stainless-steel plate on the floor. A 1.2-cm diameter opening was located at one end of the chamber through which a stainless-steel lick spout can be accessed by the mouse's tongue. Solutions were stored in nine 3-ml unpressurized syringe barrels located at least 15 cm above the lick spout. Each barrel was connected by capillary tubing (Cole-Parmer) to 1 of nine 28-gauge stainless steel tubes inside the lick spout. The ends of the stainless-steel tubes were recessed 2 mm inside the lick spout. The end of the lick spout was positioned 0.5 cm behind the inner surface of the opening to prevent the mouse from placing a paw on the spout. Fluid delivery was regulated by pinch valves designed to operate quietly (Bio-Chem Valve Inc.; P/N 075P2NC24-01SQ). These valves were located at least 15 cm from the opening. A lick was counted when the animal's tongue contacted the lick spout and completed a 60-nA current through a stainlesssteel floor. Each stimulus was 8 µl presented over 0.45 s. Olfactory cues were minimized by using small diameter stainless-steel delivery tubes inside the lick spout, small sample sizes of solutions mixed fresh each day, a fan at the back of the chamber blowing air through the chamber and exiting through the opening around the lick spout, and by mixing 0.005% amyl acetate in all test solutions. At this concentration, amyl acetate does not appear to affect taste detection or discrimination in rodents (Slotnick et al. 1997; Song et al. 2008; Van Houten et al. 2008) . Auditory cues of the solenoids were masked by a louder, independently operated solenoid mounted directly above the lick spout which opened and closed at the same time as the stimulus delivery solenoids, and by background masking noise (SPL, A scale: 75 ± 5 dB) generated by a Sleep Machine.
Procedures
CTA experiments
After an animal associates gastric distress with a taste stimulus, the animal will avoid the taste stimulus. More importantly, the animal will generalize this aversion to another stimulus that elicits similar taste sensations. The greater the similarity between the original stimulus and the second taste stimulus, the more the animal will avoid the second stimulus. This characteristic of CTA makes it an excellent method for assessing recognition thresholds and determining if 2 substances elicit similar taste qualities. In this study, CTA intensity generalization experiments for ALA and MSG were performed first to establish intensity generalization functions. These functions were used to determine which concentrations of MSG and ALA would be behaviorally comparable to use for CTA generalization and taste discrimination experiments.
General methods. Wild type and T1r3
-mice were placed on a 22.5-h water-deprivation schedule for 2 weeks prior to the start of the experiment. When the experiment began, the mice were trained to lick water from the Davis lickometer. A lick was counted each time the mouse made contact with a sipper tube. During each session a trial began when the computer opened the shutter and initiated a 60-s period within which the mouse could lick the tube. All licks were recorded for 5 s after the initial contact and then the shutter was closed. If the mouse did not lick during the 60 s, the shutter was closed. Once the shutter was closed, the next stimulus tube was positioned behind the chamber opening. After a 10-s interstimulus interval, the shutter was opened to begin the next trial. No session lasted longer than 15 min to limit confounding by post-ingestive effects from the taste solutions. An hour after the end of the session, the mice were given access to a water bottle on their home cage for an additional 15 min.
Once mice were licking consistently in the apparatus (4-6 days), they were randomly assigned to their conditioned stimulus (CS) condition (MSG or ALA) and to their injection condition. During the first conditioning session, each mouse was presented with the assigned CS and water, then given an IP injection (10 ml/1 kg body wt) of either LiCl (225 mM; 95.38 mg/kg body wt) to induce gastric distress or an equivalent volume/body wt of 0.9 % (154 mM; 90.00 mg/kg body wt) saline for control mice. The next day was a recovery day in which the mice were presented only water in the test apparatus. Following recovery, the mice were conditioned once more in the same manner. Two additional recovery days (water only in the test apparatus) were intended to extinguish contextual conditioning and to ensure the animals' motivational states were stable before testing began.
All solutions on conditioning and test days were freshly mixed in deionized water (Millipore) with 100 µM amiloride, an ENaC channel blocker (Heck et al. 1984) , to reduce the taste of the sodium ion. Amiloride is thought to be undetectable to mice at this concentration (Eylam et al. 2003 ). Since mice might be able to respond to odor cues from each amino acid, all conditioning and testing solutions (including water only stimuli) also had 0.005% amyl acetate added as a masking odor.
Intensity gradient experiments. Separate concentration-response experiments were conducted with wild type and knockout mice to identify appropriate concentrations of each L-amino acid to use in subsequent experiments. In a pilot experiment with ALA, 6 T1r3 -and 6 wild-type mice were conditioned with LiCl to avoid a CS of 600 mM and then tested with 0, 50, 150, 300, and 600 mM ALA. The results of this experiment suggested that the T1r3 -mice may detect ALA at 50 mM, a much lower concentration than originally anticipated. Consequently, wild type (saline: n = 7; LiCl: n = 7) and naïve T1r3
-(saline: n = 6; LiCl: n = 7) mice were conditioned to avoid 300 mM ALA. These mice were then tested with 0, 2.5, 5, 15, 25, 50, 150, and 300 mM ALA. Since the T1r3 -mice could learn the CTA with a CS of 300 mM, the intensity generalization experiment for MSG was also conducted using 300 mM MSG as the CS. Twelve wild-type mice were presented 300 mM MSG as the CS and then injected with either saline (n = 6) or LiCl (n = 6). Likewise, 13 T1r3 -mice (saline = 6, LiCl = 7) were also conditioned to avoid MSG. These mice were then tested with 0, 10, 25, 50, 100, 150, and 300 mM MSG.
In these experiments, each concentration was presented twice, once in each of 2 blocks of trials. The order of concentrations within a block was randomized using a latin square procedure. Each stimulus was separated by 1-3 water rinse trials. The mice were given one more recovery day, and then tested again with a different order of presentation. While rare, if a stimulus was not sampled in the first session, it was presented early in the second session to ensure the mouse responded to all stimuli.
CTA generalization. For generalization testing, wild type (saline: n = 7; LiCl: n = 8) and T1r3 -mice (saline: n = 7; LiCl: n = 9) were conditioned with MGS as a CS and then tested for generalization of the CTA to ALA. Additional wild type (saline: n = 7; LiCl: n = 8) and T1r3
-(saline: n = 6; LiCl: n = 8) mice were similarly conditioned to avoid ALA and tested for generalization to MSG. Since 300 mM was an effective CS for each amino acid for both mouse genotypes, 300 mM was also used as the CS for the generalization experiments. Using this concentration, rather than a higher concentration, minimized non-taste cues to which the mice might respond at higher concentrations. Moreover, amiloride (100 uM), added to all solutions, could more effectively antagonize the taste of the sodium ion associated with MSG. For these experiments, each mouse was tested with 0.0, 50, and 300 mM of the L-amino acid assigned as the CS, and with 50 and 300 mM of the opposite L-amino acid. These concentrations were selected because they were above the minimum concentration for which all mice showed a learned aversion in the intensity generalization experiments and appeared comparable in their ability to induce avoidance behavior within each mouse genotype. These concentrations are also above behavioral and nerve recording thresholds of mice for each L-amino acid (Bachmanov et al. 2000; Nelson et al. 2001; Damak et al. 2003; Bachmanov and Beauchamp 2008; Yasumatsu et al. 2012; Yasumatsu et al. 2015) as well as for rats (Pritchard and Scott 1982) . All mice were also tested with 75 mM NaCl to test for avoidance of any new taste. This concentration was selected to ensure that none of the mice would likely have a natural aversion to NaCl alone (Finger et al. 2005; Eddy et al. 2009 ). The stimulus presentation and trial procedures used during stimulus generalization testing were identical to those used in the intensity generalization experiments. Amiloride was added to all test solutions except 75 mM NaCl. Amyl acetate (0.005%) was added to all solutions, including water.
Discrimination methods
The results of the CTA generalization experiments indicated that MSG and ALA elicited similar tastes in wild type and T1r3 -mice. However, even though 2 stimuli share taste qualities, they may also elicit qualities that make one taste stimulus distinguishable from the other. Discrimination methods are best suited to test this possibility since correct responding during these tests is dependent upon attending to stimulus differences rather than similarities. Three sets of experiments, designed to control for the taste of the sodium ion associated with MSG, were conducted to determine if ALA and MSG elicit the same taste sensation, which would be expected if the same taste receptor is responsible for detection of both amino acids, and to determine if the T1r3 receptor is key in identifying each amino acid.
These procedures were similar to those used in previous studies (Stapleton et al. 2002; Heyer et al. 2003; Delay et al. 2004; TaylorBurds et al. 2004; Delay et al. 2006; Delay et al. 2007 ). Eight wild type and 8 T1r3 -mice were used in the discrimination experiments. Four of each mouse genotype were trained with MSG as an S-compound and ALA as an S+ compound. The other half of the mice were trained with ALA as the S-and MSG as the S+. A trial included the delivery of an 8 μL taste stimulus through the lick spout followed by a 2-s response period. The mouse had to identify the test stimulus and alter its responding by the last 0.4 s of the response period. Four response-consequence outcomes were possible. One: A correct detection of the S+ solution was recorded and an 8 μL water reinforcer was delivered if the mouse continued to lick during the last 0.4 s of the trial. Two: Failure to detect the S+ was an incorrect response which initiated the intertrial interval without a reinforcer. Three: If the mouse failed to identify the S-and continued to lick the spout during the last 0.4 s of the response period, a weak shock was then delivered to the lick spout for 2 s beginning immediately after the response period ended. Tongue contact with the lick spout during the 2-s resulted in a weak shock sensation. Shock intensity was titrated by beginning below detection and increasing it until it was just detectable for each mouse and caused the mouse to stop licking briefly. Four: A correct detection was counted if the mouse did not lick during the last 0.4 s of an S-trial, thereby preventing shock from being delivered to the spout. Completion of a trial and its response consequence initiated a 10-s intertrial interval after which the mouse had to lick between 10-30 times (variable ratio schedule randomly determined by the computer) to deliver a 4 μL water rinse. This was followed by a delay of 3 s and then completion of a second variable ratio of 10-30 licks to initiate the next stimulus presentation.
The location of each S-and S+ solution was randomly assigned to 8 of the syringe barrels daily to prevent the mouse from learning possible spatial cues. Water for reinforcement was stored in the ninth syringe barrel. The order of presentation of the 8 syringe barrels was determined from a latin square using a randomize block procedure. During initial training, water was assigned the role of the S+. Once discrimination between water and the S-reached 80 + % accuracy, the opposite L-amino acid became the S+. During training and test sessions, mice were presented with 4 concentrations (75, 150, 300, and 600 mM) of both the S+ and S-to minimize the possibility that discrimination could be based on stimulus intensity. To help control odor cues, all solutions were mixed with 0.005% amyl acetate.
Three discrimination experiments were designed to control for the sodium taste associated with MSG. The first experiment (No Amiloride) tested the 4 concentrations of ALA and L-MSG without any amiloride added to any solution. The second experiment (Amiloride) tested the same concentrations with all solutions containing 100 μM amiloride to reduce the taste of the sodium ion associated with MSG that might function as a discrimination cue. Since amiloride can only reduce but not eliminate the sodium taste, the third discrimination experiment (Amiloride + NaCl) was conducted with amiloride and with isomolar concentrations of NaCl added to each solution of ALA to match corresponding concentrations of MSG (e.g., 75 mM NaCl + 75 mM ALA; 150 mM NaCl + 150 mM ALA; etc.). The combination of amiloride and matching of sodium concentration neutralizes any cue functions that the residual taste of sodium might contribute when the stimulus is MSG (Stapleton et al. 2002; Heyer et al. 2003; Delay et al. 2006) . Each experiment was conducted for at least 5 consecutive days. Between the Amiloride and the Amiloride + NaCl experiments, and after the third experiment, the mice were returned to the No Amiloride experimental procedures for 5 days to determine if either condition altered discrimination performance that might carry-over into the next experiment.
Statistical methods
CTA experiments
Before any statistical analyses were applied to the CTA data, lick counts for each 5-s trial were normalized to reduce the variability due to individual differences in basal lick rates and motivational states. Lick rates for each taste stimulus were first averaged over the 2 test days. The mean lick rate of a solution was then divided by the average lick rate for all water trials, and multiplied by 100. Scores near 100% indicated no avoidance whereas scores near 0% indicated strong avoidance. Although rare, any trial in which the lick count was zero was dropped from the data set. In addition, no trial was included after lick rates on water trials dropped below 40% of the initial 4 water trials. The normalized data were analyzed using analysis of variance (ANOVA) procedures of SPSS (version 23). Genotype (2), CS (2), and injection (2) conditions were treated as between-subject factors and test stimuli (6) were treated as a withinsubject factor in these analyses. Each of these ANOVAs detected significant 3-way interactions. To characterize the contribution of each factor to the interaction, these data were then partitioned to compare normalized lick rates of groups for strength of conditioning to their respective CS and the degree of generalization using univariant ANOVA and Bonferroni-corrected t-test procedures (Howell 2007) . Data for mice of each genotype were evaluated separately and against each other.
Taste discrimination
An initial detection score for each concentration of S+ and S-solutions was generated by calculating the percent of all trials for a stimulus that were accurately identified by the mouse. An ANOVA did not detect any differences between the S+ and S-scores of wild type and T1r3 -mice across the 3 No Amiloride phases of the discrimination experiment, so the data for the 3 No Amiloride test phases were averaged for each animal. In addition, ANOVAs for the Amiloride or Amiloride + NaCl experiments did not find an effect related to S+/Sassignment. Therefore, to simplify subsequent analyses, the percent correct detection data for the S+ and S-stimuli were averaged for each concentration of ALA and MSG using the formula:
Since each response is then treated as correct or incorrect, chance performance is represented by a score of 50%. As reported in previous studies (Stapleton et al. 2002; Heyer et al. 2003; Taylor-Burds et al. 2004; Delay et al. 2004; Delay et al. 2006; Delay et al. 2007) , averaging the S+ and S-score for each stimulus improves homogeneity of variance and eliminates potential bias induced by mice adapting a particular response strategy or by motivational states. These scores were then evaluated using ANOVA procedures and then simple effects tests and Bonferroni t-tests for comparison with scores from the other amiloride conditions (Amiloride, Amiloride + NaCl). Genotype (2) was treated as a between-subject factor while Amiloride condition (3) and stimulus concentration (4) were treated as withinsubject factors in these analyses.
Results
Conditioned taste aversion
Intensity generalization experiments
The primary purpose of these experiments was to identify the lowest concentration of MSG and ALA that mice of each genotype, especially T1r3 -mice, would show a learned aversion compared to control mice within the parameters of the CTA paradigm.
ALA as CS.
The pilot experiment conducted to evaluate the effectiveness of a CS = 600 mM used 6 T1r3 -mice and 6 wild-type mice. During the conditioning session, all mice drank ALA at about the same rate as they did for water (mean normalized rate ± SEM = 103.23 ± 4.68). ANOVA analyses of the normalized test lick rates showed significant main effects for genotype, concentration, and their interaction (F(4,40) = 3.77, P = 0.01). The normalized lick rate of the T1r3 -mice during water trials (mean ± SEM = 113.89 ± 4.36) was significantly (P < 0.005) higher than for 50 mM ALA (82.99 ± 2.88) and all higher concentrations (150 mM = 78.44 ± 4.32, 300 mM = 62.77 ± 4.88, 600 mM = 49.22 ± 4.34), suggesting that these mice were able to detect ALA as low as 50 mM. The normalized lick rates for the wild-type mice were 99.50 ± 2.54, 76.01 ± 4.16, 52.91 ± 10.01, 37.71 ± 9.59, and 21.92 ± 4.68 for 0, 50, 150, 300, and 600 mM, respectively. Wild-type mice made significantly fewer licks than T1r3 -mice at the 3 highest concentrations (all Ps < 0.05). The data for the subsequent intensity gradient experiment in which mice were conditioned with 300 mM ALA were analyzed using an ANOVA treating mouse genotype (wild type, T1r3 -) and injection condition (saline, LiCl) as between-subject factors and concentration (8 levels) as a within-subject factor. This analysis indicated all 3 main effects were significant (concentration: F(7,161) = 17.12, P < 0.001; injection: F(1,23) = 81.81, P < 0.001; mouse genotype: F(1,23) = 5.34, P = 0.013), In addition, the interactions between concentration and injection (F(7,161) = 13.79, P < 0.001) and between genotype and injection (F(1,23) = 7.29, P = 0.013) were significant. Separate ANOVAs for each mouse genotype also detected significant main effects for concentration and injection (all Ps < 0.001) as well as significant effects due to the interaction between the 2 variables (wild type: F(7,84) = 13.85, P < 0.001; T1r3 -: F(7,77) = 5.76, P < 0.001). Wild-type mice were able to recognize and avoid each L-amino acid at much lower concentrations than the T1r3 -mice. T-tests found the lowest concentration in which the LiCl-inject mice had significantly lower lick rates compared to control mice was 2.5 mM for the wild-type mice and 25 mM for the T1r3 -mice (Figure 1) . For simplicity, the lowest concentration that each genotype showed conditioned avoidance will hereafter be referred to as their recognition thresholds.
MSG as CS.
The initial ANOVA of the intensity generalization data for mice conditioned with 300 mM MSG (Figure 1 ) detected significant main effects of concentration and injection conditions (F(6, 126) = 20.93, P < 0.001; F(1, 21) = 69.27, P < 0.001, respectively), as were the interactions of concentration by injection (F(6, 126) = 16.55, P < 0.001) and genotype by injection (F(1,21) = 5.00, P = 0.036). The ANOVA of the lick rate data for each mouse genotype identified significant main (all P < 0.001) and interactive effects for concentration and injection (wild type: F(6, 60) = 16.90, P < 0.001; T1r3 -: F(6,66) = 6.46, P < 0.001). T-tests indicated that the lowest concentration at which wild-type mice showed avoidance of MSG was 10 mM whereas the T1r3 -mice did not significantly avoid MSG unless the concentration was 50 mM or greater.
Generalization tests ALA as CS.
A 3-way ANOVA for mixed designs identified significant effects of solution, injection and the interaction between the 2 variables (solution: F(5,125) = 14.30, P < 0.001; injection: F(1,25) = 25.68, P < 0.001; interaction: F(5,125) = 14.92, P < 0.001) on normalized lick rates, but no differences between mouse genotypes (Figure 2 ). To evaluate this interaction, the data were partitioned to compare the strength of conditioning to the CS for the 2 genotypes with one ANOVA and the degree of generalization to MSG by each genotype with a second ANOVA. The analysis evaluating the effectiveness of conditioning to ALA revealed significant decreases in lick rates of LiCl-injected mice compared to controls (F(1,25) = 15.22, P = 0.001). In addition it found significant effects for solutions (F(3,75) = 13.95, P < 0.001) and the interaction between injection and test solutions (F(3,75) = 17.96, P < 0.001). . When 300 mM MSG was the CS, wild-type mice injected with LiCl showed significant avoidance compared to saline control mice at all concentrations tested (P < 0.01 and greater; indicated by horizontal solid line above plotted data). T1r3 -mice did not show a significant reduction in mean (±SEM) normalized lick rates until the concentration of MSG was 50 mM (P < 0.05) or greater (P < 0.01; indicated by horizontal dash line above plotted data). When 300 mM L-ALA was the CS, wild-type mice injected with LiCl showed significant avoidance of the amino acid at 2.5 mM (P < 0.05) and higher concentrations (P < 0.01; horizontal solid line above data) compared to saline control mice. T1r3 -mice injected with LiCl did not decrease their lick rates unless L-ALA was 25 mM or higher (P < 0.05 or lower; horizontal dash line above data). *P < 0.05, **P < 0.01.
Bonferonni corrected t-tests indicated LiCl-injected mice licked significantly less for 300 mM ALA (P < 0.001) than their controls but did not differ when tested with 0 mM or 75 mM NaCl. The ANOVA evaluating the amount of generalization of this CTA to MSG detected significant effects of injection, solution and their interaction (all Ps < 0.005) on lick rates. However, there were no detectable differences in lick rates between genotypes in either analysis. Finally, an ANOVA conducted to compare lick rates of 50 and 300 mM of ALA and MSG of the LiCl-injected mice, did not detect a difference between mouse genotypes or between the 2 L-amino acids.
MSG as CS.
Similar analyses were performed on the data collected when MSG was the CS (Figure 3) . The 3-way ANOVA found significant effects of solution, injection condition and the interaction between these variables on normalized lick rates (solution: F(5,135) = 28.88, P < 0.001; injection: F(1,27) = 59.28, P < 0.001; interaction: F(5,135) = 21.85, P < 0.001; Figure 3) . In addition, a significant solution by genotype interaction was identified (F(5,135) = 2.60, P = 0.028). To evaluate these interactions, the data were partitioned to compare the strength of conditioning to the CS for the 2 genotypes with one ANOVA and the degree of generalization to ALA by each genotype with a second ANOVA. To compare strength of conditioning, the lick rates by each mouse genotype for 0, 50, and 300 mM MSG and 75 mM NaCl were analyzed. Beside significant main effects for injection (F(1,27) = 53.89, P < 0.001) and test solution (F(3,81) = 48.24, P < 0.001), the interaction between these factors (F(3,81) = 39.49, P < 0.001) was significant. T-tests indicated that lick rates of LiCl-injected mice of each genotype were lower for 50 (P < 0.02) and 300 mM MSG (P < 0.001) than lick rates of saline-injected mice, but were not different when comparing 0 or 75 mM NaCl. To compare the level of generalization of the CTA to ALA, an ANOVA of the lick rates for 50 and 300 mM ALA was performed. This analysis found significant effects for injection (F(1,27) = 30.03, P < 0.001) and solution (F(1,27) = 8.62, P < 0.001). T-tests revealed that the T1r3 -mice generalized their aversion to ALA at 50 mM (P < 0.05) and 300 mM (P < 0.001) whereas the wild type showed significant generalization only to 300 mM ALA (P < 0.001).
Taste discrimination
Previous research (Stapleton et al. 2002; Taylor-Burds et al. 2004; Delay et al. 2006) has suggested that when detection rates are between 50 and 65%, a range approximately equivalent of one standard deviation for all of the data in these experiments, the mouse's performance is at or near chance levels. Detection rates between 65 and 85% indicate the discrimination is difficult but the mice are sometimes able to identify each stimulus. Over 85% accuracy generally indicates that the discrimination is relatively easy. The correct detection data were initially analyzed using a 3-way ANOVA for mixed designs to examine the effects of mouse genotype (2 levels), amiloride condition (3 levels), and concentration (4 levels). This analysis identified significant main effects of concentration (F(3,42) = 57.50, P < 0.001) and amiloride (F(2,28) = 24.14, P < 0.001) and a significant interaction between the 2 variables (F(6,84) = 4.22, P < 0.001). Simple effects tests showed that correct detections increased significantly as concentration increased (all Ps < 0.001; Figure 4 ), in all 3 amiloride conditions. To evaluate these data more thoroughly, simple effects tests were used to examine differences in detect rates for each mouse genotype in the 3 amiloride conditions at each concentration. These tests showed that the amiloride variable had a significant effect at 75, 150, and 300 mM (all F(2,28) ≥ 20.30, P < 0.001) but not at 600 mM. Additional t-tests using Bonferroni corrections showed that at all 3 concentrations, correct detection rates in the No Amiloride condition were significantly higher than correct detections in the Amiloride and Amiloride + NaCl conditions (all Ps < 0.01). Correct detections in the Amiloride condition were also significantly greater than in the Amiloride + NaCl condition at 75 mM (P < 0.05) and 150 mM (P < 0.01), but not at 300 or 600 mM. No differences in correct detections of wild type and T1r3 could be detected at these concentrations.
Finally, an ANOVA was conducted to compare the performance of both genotype mice for which MSG was the S-compared to mice for which ALA was the S-. While the effects of the amiloride condition and concentration were significant as reported above, no effect of mouse genotype or amino acid was detected.
In general, these analyses indicated that both mouse genotypes were better at discriminating between ALA and MSG as the concentrations increased. Moreover, discrimination between the 2 L-amino acids was most accurate in the No Amiloride and least accurate in the Amiloride + NaCl. However, the discrimination responses of the 2 mouse genotypes were not statistically different at any concentration or amiloride condition.
Discussion
Like other L-amino acids, ALA is thought to be detected by the T1r1/ T1r3 GPCR located in Type II taste sensory cells of C57BK/6J mice, the same taste receptor which is also believed to detect L-glutamate (Nelson et al. 2001; Zhao et al. 2003) . If these L-amino acids are detected by the same receptor, then one would expect the 2 amino acids to elicit similar, if not identical, tastes. In an earlier study, rats showed strong bidirectional generalization of CTAs between ALA and MSG, suggesting that ALA and MSG elicit very similar taste qualities (Taylor-Burds et al. 2004 ). However, taste discrimination experiments indicated that rats can distinguish between the tastes of ALA and MSG, even when the taste of sodium was neutralized. These findings suggest that although ALA and MSG appear to share some taste qualities, at least one of the compounds elicits taste qualities not shared by the other. The intent of this study was to evaluate the psychophysical properties of ALA in C57BL/J6 mice and in T1r3 -mice lacking the gene for the T1r3 protein thought to be critical for sweet (T1r2/T1r3 heterodimer) and umami taste sensations (T1r1/T1r3 heterodimer), and to compare these properties to those of MSG, the prototypical umami substance. In general the results of the experiments in this study suggest that ALA and MSG elicit similar but not identical tastes in both mouse genotypes, and since the T1r3 -mice were able to discriminate between these substances at a level similar to wild-type mice, it appears likely that each amino acid may be detected by more than one receptor.
Differences in taste sensitivity between wild type and T1r3 -mice were detected with the intensity generalization experiments. Wildtype mice were able to detect ALA at 2.5 mM. Although the experiments in this study did not evaluate the detection thresholds for either L-amino acids, recognition thresholds this low suggest that the sensitivity of C57BL/6J mice for ALA is similar to detection thresholds reported for Sprague-Dawley rats (Taylor-Burds et al. 2004) and to preference and nerve recording thresholds reported for C57BL/6J mice (Pritchard and Scott 1982; Iwasaki et al. 1985; Inoue et al. 2004; Bachmanov and Beauchamp 2008) . On the other hand, T1r3 -mice did not show a CTA-induced reduction in lick rates for ALA unless the concentration was 25 mM or greater. Although the concentrations tested were not identical, ALA thresholds are similar to recognition thresholds for MSG in wild type and T1r3 -mice, respectively. Besides a higher recognition threshold, the T1r3 -mice never showed the same degree of avoidance as wild-type mice, even when conditioned with a high concentration of ALA, suggesting that the intensity of either L-amino acid was not as salient for the T1r3 -mice as for the wild-type mice. The results of the present experiments indicate that T1r3 has an important role in recognizing the taste qualities of both L-amino acids, particularly at lower concentrations, and that other taste receptors are capable of detecting these L-amino acids. The latter conclusion was further supported by the generalization experiments. Generalization of a CTA from one substance to another occurs when 2 substances elicit similar taste qualities Spector 2003; Heyer et al. 2003) . Wild-type mice with an aversion for ALA showed generalization to MSG and vice versa, wild-type mice with an aversion for MSG showed similar generalization to ALA. The bi-directionality of CTA generalization indicates that both L-amino acids share common taste qualities. Interestingly, similar bidirectional generalization was also seen in the T1r3 -mice, suggesting that receptors besides T1R heterodimeric receptors may be responding to both L-amino acids, and generating afferent signals for each L-amino acid that are similar enough to elicit comparable tastes.
Even though 2 substances may share similar taste qualities, one or both substances may also elicit qualities that are not shared by the other substance, making the taste of each substance quite distinguishable from the other. In contrast to CTA methods, the discrete trial discrimination methods used in this study, similar to methods used with rats (Taylor-Burds et al. 2004) , condition the mouse to detect differences between taste qualities of 2 substances. Surprisingly, the T1r3 -mice could discriminate between the 2 substances with an accuracy nearly identical to that of wild-type mice. Both genotypes were readily able to distinguish between the tastes of MSG and ALA when tested without any controls for the sodium ion associated with MSG at all concentrations tested. When amiloride was added to all solutions to reduce the intensity of the sodium ion, both genotypes were still able to make the discrimination but their accuracy was reduced, especially at the lowest concentration. Adding isomolar concentrations of NaCl to ALA to match the concentrations of MSG (both amino acids also had amiloride added) did not impact discrimination accuracy of either genotype any more than amiloride alone at 300 and 600 mM, but had a small, significant detrimental effect at the 2 lower concentrations. These data suggest that at lower concentrations these L-amino acids elicit quite similar sensations, but as concentrations increase, differences in taste qualities begin to emerge which are detectable by both mouse genotypes.
In the discrimination experiments, weak shock was used as a punisher and avoidance of the shock served as a negative reinforcer. Shock has the advantage of being clearly identified (salient) and in this study it is detectable in close temporal and spatial proximity with the stimulus presentation (Bouton 2007; Fowler and Wischer 1968; Yerkes and Dodson 1968; Smith 1970) . It has been suggested that the use of shock as a punisher might alter the sensitivity of the taste system in some manner (Smith and Spector 2014) . However, shock intensity was set just above detection threshold for each mouse, ensuring that shock sensation was weak but attention attracting. Moreover, the mouse experienced shock only when the tongue was in contact with the lick spout if it failed to identify an Ssolution. Once shock is detect, the mouse stops licking immediately, thereby limiting exposure to shock while still maintaining good stimulus control (Brosvic and Slotnick 1986; Stapleton et al. 2002; Delay et al. 2006) . In addition, the interval between shock and the next stimulus presentation was minimally 25 s and generally longer, which should allow any potential effects of very brief, weak shock to dissipate. In our experience, weak shock facilitates acquisition of the taste discrimination compared to less salient cues such as a time-out (i.e. a response cost method), but either method will yield similar behavioral results with well-trained mice, even if the taste system is challenged by a chemotherapy drug such as cyclophosphamide (Mukherjee and Delay 2011) . Thus, the shock procedure used in this study to motivate accurate responding in the discrimination experiment should have had minimal impact on the taste system of mice.
The combined findings of CTA and discrimination experiments suggest that while ALA and MSG elicit some of the same taste qualities in mice, one or both L-amino acids also elicit one or more taste qualities not shared by the other. Moreover, these taste qualities are detectable by receptors independent of T1r3, a key dimer of the primary candidate taste receptor thought to be essential for detection of L-amino acids (Nelson et al. 2002) . The absence of the T1r3 receptor had little effect on discrimination performance, and reduced but did not eliminate the ability of T1r3 -mice to detect taste qualities to which the mice responded during the CTA experiments. Deletion of the T1r3 receptor may alter or eliminate taste qualities elicited by one or both L-amino acids compared to the perceptions experienced by wild-type mice, but the continued ability of the T1r3 -mice to detect and perceive taste qualities of each amino acid, and to discriminate between both L-amino acids suggests that additional receptors are involved in sensing both L-amino acids.
In humans, ALA elicits a sweet sensation and in rodents, 2-bottle and brief access preference tests generally suggest that ALA and MSG also elicit taste sensations that are similar to other substances that elicit sweet sensations in humans (Schiffman et al. 1981) . However, the sweet receptor, T1r2/T1r3, is also a heterodimeric member of the T1R family and would be disrupted, at least to some degree, in the T1r3 -mice in this study (Nelson et al. 2001; Nelson et al. 2002; Zhao et al. 2003; Nie et al. 2005) . It is possible that the mice were able to detect ALA and MSG through other glutamate taste receptors expressed in taste epithelium. The most likely candidates are the brain and taste variants of mGluR1 and mGluR4 receptors. (RS)-α-cyclopropyl-4-phosphonophenylglycine (CPPG), an mGluR4 antagonist, altered taste qualities of MSG, L-serine, and L-arginine but not glycine during CTA generalization tests in rats (Eschle et al. 2009 ). In mice antagonists for mGluR1 and mGluR4 receptors reduced CTAs for MSG and monopotassium glutamate (Nakashima et al. 2012) . On a cellular level, calcium imaging data suggest that ALA + IMP can activate many of the same taste sensory cells that respond to MSG + IMP (Maruyama et al. 2006 ). More recent calcium imaging studies Pal Choudhuri et al. 2015 Choudhuri et al. , (2016 evaluated taste sensory cells of wildtype mice when stimulated by 4 different amino acids (MSG, L-serine, L-arginine, and L-glutamine). Most of these cells were responsive to one or more but not to all 4 amino acids. Fewer taste sensory cells of T1r3 -mice were responsive to these L-amino acids, but their response patterns were similar to those of wild-type mice. Thus it is possible that a subset of taste sensory cells might also respond to ALA but not to MSG, and vice versa. Pal Choudhuri et al. (2016) also found that L-amino acid-responsive T1r3 -cells were responsive to agonists for mGluR1 and mGluR4, and their calcium responses to MPG, L-serine, and L-arginine were decreased significantly by selective antagonists for mGluR1 and mGluR4. It is possible that mGluR receptors, either individually or possibly as heterodimers partnered with other mGluRs or even T1r1, may also be candidate receptors for detecting ALA. Additional experiments using physiological methods such as nerve recording or isolated cell procedures are required to determine if these receptors, or possibly other receptors, are similarly responsible for detection of ALA, alone or as part of a mixture with IMP.
In summary, the taste qualities of ALA, an important component of the glucose-alanine cycle, were compared to those of MSG, the prototypical taste stimulus representing umami. Although T1r3 -mice were less sensitive to ALA than wild-type mice, both genotypes were able to respond to ALA at 25 mM and higher, indicating receptors other than T1Rs are activated by ALA. Similar results were observed for MSG. CTA experiments showed that ALA and MSG elicit similar taste qualities in both wild type and T1r3 -mice. Discrimination experiments, on the other hand, revealed that both mouse genotypes can detect unique taste qualities for these compounds which enable them to distinguish between the 2 L-amino acids, but more effectively at higher concentrations. Further experimental analysis is required to determine which non-T1r3 receptor(s) may detect and encode the taste qualities of ALA.
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